We demonstrated that oxidative stress plays a role in freeze-thaw-induced killing of Campylobacter coli following analysis of mutants deficient in key antioxidant functions. Superoxide anions, but not H 2 O 2 , were formed during the freeze-thaw process. However, a failure to detoxify superoxide anions may lead to spontaneous disproportionation of the radicals to H 2 O 2 .
Generation of an SOD-deficient, catalase-deficient double mutant of C. coli. Mutants derived from C. coli UA585 that are deficient in either SOD activity (CCSD1) or catalase activity (CK100) have been described previously (5, 14) . A mutant deficient in both enzymes was generated by inactivating the katA gene of SOD-deficient mutant CCSD1 by allelic exchange as described previously (5), except that the antibiotic marker used was a kanamycin resistance cassette. One kanamycinresistant transformant generated by this procedure, designated CCKS1, was shown by Southern hybridization to contain an inactivated copy of katA and lacked catalase activity (Park, unpublished data) .
Sensitivity of SOD-deficient mutants to freezing. Previously, we have shown that SOD, but not catalase, is an important determinant in the ability of C. coli to survive following exposure to air (14) . In order to assess the effect of the absence of both SOD and catalase, the survival of CCKS1 was assessed under aerobic conditions in Mueller-Hinton broth (MHB) at 25°C as described previously (14) . Survival of the SOD-deficient, catalase-deficient double mutant paralleled survival of the SOD-deficient mutant, demonstrating that under the conditions used at least, the presence of an additional katA mutation in a SOD-deficient background did not further sensitize cells to oxidative stress (Park, unpublished data) .
It has been shown previously that freezing of campylobacter cultures results in a rapid decrease in viability (7, 8) . Furthermore, the results of a recent study carried out with yeast cells provided convincing evidence that reactive oxygen intermediates are generated during the freeze-thaw process and that these intermediates contribute to the lethal damage to the cell (11) . To determine whether oxidative stress contributes to the death of C. coli during freezing, the tolerance of C. coli mutants deficient in various antioxidant enzymes was assessed. Cells were grown at 37°C to confluence on Mueller-Hinton agar plates under microaerobic conditions. The growth was then harvested in Mueller-Hinton broth (ϳ5 ϫ 10 8 CFU ml Ϫ1 ), and aliquots were stored at Ϫ20°C for various periods. When necessary, aliquots were allowed to thaw at room temperature and then immediately refrozen to obtain freeze-thaw cycles. Viability was assessed by plate counting as described previously (14) .
During continuous storage, the general viability profile was the same irrespective of the phenotype of the cells (Fig. 1) . Thus, for all cell types the initial sample (taken after 3 h) revealed that there was a dramatic reduction in viability compared to unfrozen cultures, but after this viability declined at a much lower rate. This suggests that freezing or thawing had the greatest impact on viability and that survival is generally inde-pendent of the length of the period of exposure to Ϫ20°C. The sensitivity of the catalase-deficient mutant, CK100, to freezing was similar to that of the parental strain. In contrast, the viability of the SOD-deficient mutant after the initial 3-h period was 38-fold less than the viability of the wild-type strain after the same period. When the viability of the SOD-deficient, catalase-deficient double mutant was assessed, we found that this strain was even more sensitive to freeze-thaw injury than the sodB mutant was. Accordingly, the number of viable cells detected after 3 h was 251-fold lower than the number of viable cells measured for the SOD-deficient mutant. Generally, the mutants also exhibited the same differential sensitivity to the freeze-thaw process when the stress was generated by sequential cycles of freezing and thawing (Fig. 2) . Thus, after two cycles of freezing and thawing, the viable counts of the parental strain and the catalase-deficient strain had decreased by factors of 4.8 ϫ 10 3 and 2.9 ϫ 10 3 , respectively. In contrast, after the same two cycles of freezing and thawing the viable counts of the SOD-deficient mutant and the catalase-deficient, SODdeficient double mutant had decreased by 2.5 ϫ 10 6 -and 2.2 ϫ 10 7 -fold, respectively. After three cycles the levels of survival of CCSD1 and CCKS1 were broadly equivalent, but they were still 851-fold less than the levels of survival for the parental strain and the catalase-deficient strain after the same treatment.
Plasmid pSOD13, containing a recombinant copy of sodB, has been used previously to complement the sodB mutation in CCSD1 (14) . The presence of this plasmid in SOD-deficient CCSD1 cells restored the viability of this strain during freezing to levels comparable to the parental strain levels ( Fig. 1 and 2) , which confirmed that the sensitivity of CCSD1 cells to freezing was due to the loss of SOD activity alone.
Involvement of oxygen and its reactive intermediates in freeze-thaw damage. SOD protects cells from the toxic effects of superoxide anions. Consequently, as the SOD-deficient mutant was more sensitive to freezing and thawing, it is likely that reactive oxygen intermediates were generated during this process and that the failure to detoxify these intermediates was responsible for the sensitivity of the sodB mutants. Since generation of superoxide radicals is related to the availability of oxygen, we sought to confirm the role of superoxide radicals in cell injury by assessing the effect of oxygen restriction on viability during frozen storage (Fig. 3 ). Cells were grown as described above, but harvesting was carried out in an anaerobic atmosphere (10% H 2 , 10% CO 2 , 80% N 2 ) generated in a model MACS MG500 workstation (Don Whitley Scientific, Shipley, United Kingdom). The cell suspensions were introduced into screw-top Eppendorf tubes, which were sealed, frozen for various periods, and then thawed with the seal FIG. 1 . Sensitivity of SOD-deficient cells of C. coli during frozen storage at Ϫ20°C. Cells of C. coli UA585 (F), CK100 (s), CCSD1 (OE), CCKS1 (}), and CCSD1 containing pSOD13 (E) were frozen for various periods, and viability was assessed after thawing. Similar results were reproducibly obtained in at least three separate experiments.
FIG. 2. Sensitivity of SOD-deficient cells to sequential cycles of freezing and
thawing. Cells of C. coli UA585 (F), CK100 (s), CCSD1 (OE), CCKS1 (}), and CCSD1 containing pSOD13 (E) were subjected to sequential cycles of freezing and thawing, and viability was assessed. Similar results were reproducibly obtained in at least three separate experiments.
VOL. 66, 2000
ROLE OF SOD DURING FREEZE-THAW STRESS 3111 maintained; then viability was assessed as described above. When cells were subjected to freezing and thawing in the absence of oxygen, both the SOD-deficient mutant and the catalase-deficient, SOD-deficient double mutant exhibited a level of freeze-thaw tolerance similar to that of the parental strain (Fig. 3) . This demonstrated that oxygen was required for injury and, consequently, that superoxide radicals probably play a role. Although cells of the parental strain frozen in the absence of oxygen were slightly more resistant to freeze-thaw injury than cells exposed to oxygen were, the difference was small, suggesting that other processes, in addition to generation of superoxide ions, also contributed to cell death.
Conclusions.
In this study we demonstrate that SOD-deficient mutants are sensitive to freezing and thawing. Since the resistance of the cells to freezing and thawing could be restored by freezing in the absence of oxygen, it is likely that superoxide radicals are generated during this process and that SOD is important in the resistance of the cells to these radicals. Conversely, the freeze-thaw tolerance of cells containing a single deletion in katA was not altered. Since the catalase reaction is the primary route for H 2 O 2 detoxification in C. coli and there is no alternative hydrogen peroxidase activity (5), it is unlikely that H 2 O 2 is generated during freezing and thawing in cells that possess SOD activity. Interestingly, the absence of catalase activity in an SOD-deficient background increased the sensitivity of the cells to freezing and thawing. In this situation, it is possible that the failure to detoxify superoxide anions leads to spontaneous disproportionation of superoxide radicals to H 2 O 2 (3, 4) and that in the absence of catalase accumulation of this agent causes cell death. The sodB katA double mutant did not exhibit increased sensitivity compared to the SOD-deficient mutant when cells were incubated in the presence of air without freezing. However, this finding may be explained by the fact that spontaneous disproportionation generally occurs at low pH values (3, 4) and the fact that drastic changes in the intracellular pH during freezing result in an acidic intracellular environment (15) .
Finally, our results further highlight the important role of SOD in the physiology of campylobacters. Previously, it has been shown that SOD provides protection against oxidative stress during survival in food (14) , colonization of the gastrointestinal tract of chickens (14) , and survival in macrophages (12) . In this study we demonstrated for the first time that campylobacters encounter oxidative stress during freezing and thawing and that SOD is important in resistance of cells to this stress.
